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Abstrat
We study the beamline properties of a long baseline neutrino- osilla-
tion experiment from CERN to the Pyhäsalmi Mine in Finland. We obtain
the real density prole for this partiular neutrino osillation beamline by
applying the geophysial data. The eets of the matter density to neu-
trino osillations are onsidered. Also we ompare the realisti density
prole with that aquired from the PREM model.
1 Introdution
A future step towards a better understanding of neutrino properties is to build
long-baseline neutrino-osillation experiments. One suh possibility ould be
to aim a neutrino beam from a proposed CERN Neutrino Fatory[1℄ to the
Pyhäsalmi Mine
1
in Finland 2288 km away. The Neutrino Fatory and target
station ould be operational after the year 2010.
The osillation probability depends on the density of the medium as well as
the intrinsi mixing parameters. The purpose of this study is to ompile a real-
isti density prole along the CERN-Pyhäsalmi neutrino baseline and estimate
its eet on the neutrino osillations.
2 Compilation of the density distribution along
the baseline
2.1 The geographial position of the baseline
The neutrino baseline starts at 46◦N 15′ 22.93′′, 06◦E 03′ 01.10′′, +450 m above
sea level, and ends at 63◦N 39′ 34.74′′, 26◦E 02′ 29.94′′, −1345 m. Its total
∗
elena.kozlovskayaoulu.
†
juha.peltoniemioulu.
‡
juho.sarkamooulu.
1
http://upp.oulu.
1
Figure 1: Loation of the CERN-Pyhäsalmi baseline (solid blak line) on the
map of main tetoni elements of Western Europe[4℄. The loation of the EGT
in the swathe between the two broad lines.
length is 2288 km. The geographial position of the baseline and its penetration
depth were alulated using the geoentri Cartesian oordinate system and
then transformed to the geographial oordinates and depth with respet to the
WGS-84 ellipsoid [2℄ using the transformation equations in [3℄. The loation of
the baseline is shown on the simplied tetoni map of Europe (Fig. 1). The
baseline goes mainly through the lithosphere (the Earth's rust and the upper-
most part of the Earth's mantle) and rosses the main geologial strutures and
boundaries of the Europe. Its deepest point (103.81 km) is loated below the so-
alled Trans-European Suture Zone (TESZ). Thus, the density variations along
the line an be due to dierent thikness of the rust and dierent density of the
rust and lithospheri mantle within various tetoni units. Another aeting
fator is the depth to the boundary that separates the non-onveting litho-
spheri mantle from partially molten onveting and less dense asthenosphere.
This information an be obtained from results of reent lithospheri studies in
Europe.
As seen from Fig. 1, the large part of the baseline is loated within the
study area of the European Geotraverse projet (EGT). The EGT was a 4600
km long and 200− 300 km wide lithospheri transet aross Europe from Nor-
way to Tunisia. The multinational, multidisiplinary researh resulted in a
omprehensive ross-setion of the European lithosphere to the depth of 450
km [4℄. It revealed a signiant ontrast between the thikness and struture of
the lithosphere of younger western Europe (less than 90 km) and the old old
lithosphere of Fennosandia and eastern Europe (more than 160 km), our-
ring beneath the TESZ (Fig. 2). Later, the more detailed information about
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Figure 2: A sketh demonstrating the loation of the CERN-Pyhäsalmi baseline
on the omposite ross-setion of the lithopshere along the EGT [4℄ (solid blak
line). The depth to the lithosphere-asthenosphere boundary beneath the Trans-
European Suture Zone is modied in aordane with the S-wave veloity model
in [6℄. M, Moho boundary; TZ Tornquist Zone; TEF, Trans-European Fault.
the lithosphere-asthenosphere boundary beneath the TESZ was obtained within
the seismologial EUROPROBE/TOR projet [5℄[6℄.
In Finland, the CERN-Pyhäsalmi baseline is loated within the study area
of the EUROPROBE/SVEKALAPKO projet [7℄. As a part of the projet,
the 3D density model of the SVEKALAPKO area on a 2 km × 2 km × 2 km
retangular grid down to the depth of 70 km was obtained [8℄.
Thus, the abundant geophysial information about struture of the rust
and upper mantle obtained within three large geosienti projets in Europe
mentioned above (e.g. EGT, TOR, SVEKALAPKO) allows us to ompile a
realisti density prole for the CERN-Pyhäsalmi baseline.
2.2 Composition and density of the ontinental rust and
the lithospheri mantle
The thikness of the rust in Europe varies from 26 km in its western part to 65
km beneath the Fennosandia. The most abundant elements in the ontinental
rust are O (46.4 wt%), Si (28.15 wt%), Al (8.23 wt%), Fe (5.63 wt%), Mg
(2.33 wt%), Ca (4.15 wt%), Na (2.36 wt%) and K (2.09 wt%) [9℄, ouring in
the Earth in the form of various siliate minerals. The density in the ontinental
rust generally inreases with depth due to the lithostati pressure resulting in
rok ompation and also due to derease of the ontent of SiO2 in the rok-
forming minerals of lower rustal roks. The strongest density ontrasts in the
rust exist between the sedimentary over and the bedrok and also at the so-
alled Mohorovihih boundary (Moho boundary) separating the rust from
the mantle.
The major part of the baseline is loated within the upper 100 km of the
Earth's litospheri mantle. The physial properties and omposition of it are
known from geophysial studies and from diret measurements on samples of
mantle roks that have been overthrusted or exhumed to the surfae by vari-
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ous tetoni and magmati proesses. The main elements in the upper mantle
are Fe, Mg, Si and O. The main rok forming minerals for upper mantle roks
(peridotites) are olivine ((Mg,Fe)2SiO2), orthopyroxene ((Mg,Fe)SiO2), linopy-
roxene ((Ca,Na)(Mg,Fe,Al, Cr,Ti)(Si,Al)2O6) and spinel (MgAl2O4). It is be-
lieved that the ontinental lithospheri mantle has undergone signiant melting
through geologial time and is depleted in suh omponents as Fe, Al, Ca and Ti.
As a result, the density of the ontinental lithospheri mantle generally depends
on the tetonothermal age: younger lithospheri mantle is less depleted and
hene is denser. The onversion from fertile to depleted mantle is expressed by
a derease in linopyroxene and orthopyroxene and relative inrease in olivine,
and also by an inrease of Mg ontent. That is why the lithospheri mantle
beneath the young Phanerosoi Western Europe has the average density of 3.37
g/m3, while the older (Proterozoi) mantle beneath the Fennosandian Shield
is less dense (3.34 g/m3) [10℄.
In omparison to the lithospheri mantle, the asthenosphere is fertile and
hemially more homogeneous beause of onvetion. The density of the as-
thenosphere is less than that of the lithospheri mantle and depends mainly on
the density and ontent of partially molten material (tholeiti basalt) [11℄.
The amount of partial melt in the asthenosphere an be estimated from the
stability ondition for the olivine-molten basalt mixtures. They are mehanially
stable only in the ase when the melt is onentrated within isolated, non-
onneted inlusions(pokets). The theoretial modelling of elasti and eletrial
properties of suh mixtures[12℄ demonstrated that in some ases only 5% of melt
inlusions is enough to form a perfetly interonneted network. This value (less
than 5%) is in agreement with estimates obtained by teleseismi tomography
studies [13℄. Thus, if the melt ontent is less than 5%, and the density of
the molten basalt under upper mantle pressure-temperature onditions is 2.72
g/m3 [14℄, then the lithosphere-asthenosphere density ontrast is less than 0.04
g/m3.
The lithosphere-asthenosphere density ontrast beneath the TESZ an be
roughly estimated also from the S-wave veloity (Vs) model in [6℄. In aordane
with it, the Vs in the mantle lithosphere is 4.57 km/s, while the Vs in the
asthenosphere is 4.36 km/s. Using the saling fator relating derease in Vs to
the derease in density, that is equal to 0.05 at a depth of about 100 km [15℄,
the asthenophere density beneath the TESZ is 3.34 g/m3.
These estimates of the asthenosphere density agree with the results of re-
gional (medium-wavelength and long-wavelength) gravity studies in Europe
(3.2 − 3.33 g/m3)[16℄. Summarising all the data about the density in the
asthenosphere ited above, we an onlude that the range of possible values of
the asthenosphere density for Western Europe is 3.2− 3.34 g/m3.
2.3 Geologial setting and density values along the base-
line
From 0 to 175 km the baseline goes through the Earth rust beneath the Jura
Mountains, Molasse Basin and the Upper Rhine Graben. The thikness of the
rust here is 30 − 28 km [17℄. The rst 21 km of the line are loated within
the sedimentary over that is 3300 − 3400 m thik[18℄. The density within
the sedimentary over omposed of limestones, sandstones and shales gradually
inreases with depth from 2.4 to 2.6 g/m3.
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The next portion of the line (22− 175 km) goes through the upper(22− 71
km), middle (72− 119 km) and lower rystalline rust (120− 175 km) with the
densities of 2.7−2.73 g/m3, 2.8−2.87 g/m3 and 2.96−2.97 g/m3, respetively.
The thikness of the layers and their density were taken from the 3-D gravity
studies[19℄[20℄.
The next part of the baseline (175 − 732 km) goes through the Palaeosoi
lithospheri mantle (3.37 g/m3). Basing on studies by [20℄[21℄ we assumed
no upwelling asthenosphere beneath the Upper Rhine Graben (175 − 430 km).
Thus, the baseline goes through the uprising asthenosphere only at 732− 1019
km. As it was shown in previous Chapter, the density of the asthenosphere
here an be 3.20− 3.34 g/m3. The lithosphere-asthenosphere boundary along
the baseline was estimated in aordane with the lithosphere thikness map[22℄
and from the model[6℄, with the auray of 50 km.
From 1020 to 1956 km the baseline is loated within the Proterozoi litho-
spheri mantle (3.34 g/m3), then it returns to the rust at a depth of 52.01 km.
The density values along the nal part of the baseline (1957 − 2288 km) were
taken from the 3-D density model of the SVEKALAPKO area[8℄. The rust in
this part of Finland onsists of four major layers: the upper rust(2.73 − 2.81
g/m3), the middle rust(2.86−2.89 g/m3), the lower rust(2.86−2.89 g/m3)
and so-alled high-veloity lower rust(3.01 − 3.2 g/m3). The density values
along the baseline are summarised in Figure 4.
3 Neutrino matter osillations along the baseline
Next we will disuss the eet of the realisti CERN-Pyhäsalmi density pro-
le to neutrino-osillations. In a general three avour framework the distane
evolution equation of the neutrino avour states an be written as[23℄
i
d
dx


νe
νµ
ντ

 =

 1
2E
UM2U † +


∆V 0 0
0 0 0
0 0 0



×


νe
νµ
ντ


(1)
and we use the PDG endorsed parametrization[24℄ for the unitary mixing ma-
trix U . The potential term ∆V = ±√2GFYeρ arises from the oherent for-
ward harged-urrent satterings of eletron neutrinos from the matter ele-
trons. Throughout this paper we assume Ye = 0.5, beause of the rust and
mantle material ontent, whih is mainly Si and O. We solve the equation (1)
numerially by using a fourth order Runge-Kutta -algorithm.
At energies relevant to a neutrino fatory beam (above 1 GeV), the νe → νµ
-osillations are governed mainly by the mixing angle θ13 and the mass squared
dierene δm2
31
≈ δm2
32
. For typial values of δm2
31
= +3.0 · 10−3 eV2, θ13 =
0.1 and density ρ ≈ 3.3 g m−3, the matter resonane energy in the leading
approximation[25℄ is about ∼ 11 GeV, but the distane 2288 km is muh smaller
than the orresponding osillation lenght (Losc ∼ 45000 km) and therefore no
total resonane onversion an happen. Our simulations show that the muon
neutrino appearane probability at the rst osillation maximum E ∼ 5 GeV
is enhaned by about a fator of two ompared to the appearane probability
in vauum. For a negative sign of δm231, orresponding to the inverted mass
hierarhy, the appearane probability is suppressed by about a fator of two.
For νe → νµ-osillations the situation is opposite (shown in Figure 3).
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Figure 3: An example of muon neutrino and antineutrino appearane probabil-
ities for dierent energies and mass hierarhies. (Parameters set to δm2
21
=
5 · 10−5eV2, δm2
32
= ±3.15 · 10−3eV2, sin2 2θ12 = 0.87, sin2 2θ23 = 1.0,
sin2 2θ13 = 0.1, δ = 0)
The largest unertainty in the obtained density prole is the astenosphere
at L = 733 . . .1010 km, whose size and density an vary by ∆L = ±100 km and
ρ = 3.2 . . . 3.34 g m−3. Beause of this unertainty, we onsider three possible
density proles (shown in Figure 4 together with the prole aquired from the
PREM-model[26℄): an average density and average astenosphere width prole
with ρast = 3.27 g m
−3
(1), a wide astenosphere with low density ρast = 3.20
g m
−3
(2) and a narrow astenosphere with high density ρast = 3.34 g m
−3
(3). We ompare the muon neutrino appearane probabilities alulated with
the dierent matter proles. The absolute dierenes are shown in Figure 5.
We see that, for an upper limit value[27℄ sin2 2θ13 = 0.1, the dierenes between
the appearane probabilites at osillation maximae are of the order of few 10−4.
This orresponds to a relative error below 1%. We onlude that the errors of
the unertain nature of the astenosphere an be onsidered as a small, often
negligible, error in future analysis.
4 Disussion
The PREM density prole is ommonly used in Earth matter density neutrino
osillation studies. There has been disussion[28℄ about the auray of this ap-
proximate model. Therefore we also study the osillation probability dierenes
between the PREM and the realisti density prole.
We onsider the νe → νµ -osillations. The absolute dierene for the muon
neutrino appearane probability between the two density proles is shown in
Figure 6. The dierene of the appearane probability between the two density
proles is, around the rst osillation maximum, about a fator of 3 times
larger than the error due to the astenospheri unertainties. So, in obtaining
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Figure 5: The ee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appearan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the realisti density prole, the errors of neutrino osillation simulations are a
small step better, allthough they are not drastially improved.
Random matter utuations of the density prole have been onsidered in
Ref. [29℄. It is estimated that with dierent realistial random matter utu-
ations the average error of Pµe for a distane L ≈ 2300, average density ρ = 3
g m
−3
and energy Eν = 30 GeV is |∆Pµe| ∼ 0.5 . . .1 · 10−5. In our ase (with
parameters as in Ref.[29℄), the dierene between the PREM and the realisti
ase is |∆Pµe| = 0.4 · 10−5 and |∆Pµe| = 0.6 · 10−5. Hene it seems that the
error result from the random matter utuation model ts niely in to our 2288
km baseline.
We will also like to point out that the alulated relative error between the
neutrino fatory beam muon event rates (from νe → νµ) using the PREM and
realisti density proles is below ∼ 2% for beam energies around 1 − 10 GeV
and is onsiderably smaller for larger energies.
We onlude that we have made up a referene model for the CERN- Py-
häsalmi baseline that is aurate enough for all studies of long baseline neutrino
osillations. Although the results are quite similar to the PREM model, there is
no exuse for using a less aurate model. However, for other baselines that have
not been speially modelled the PREM model may be a good approximation
to start with.
The alulated event rates and parameter reahes of the CERN-Pyhäsalmi
neutrino beam will be disussed in a future paper.
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